The Greater Mekong River Subregion (GMS) is a global biodiversity hotspot. Macrofungi play an essential role as decomposers, parasites, and symbionts, and are also an important source of medicine, food, and income for many communities in the GMS; however, the diversity and composition of macrofungi in this region remain poorly understood. In order to help address this knowledge gap, we established 20 permanent study plots in the GMS (native forests, tea plantation, pine plantations, mixed rubber and coffee plantation). Macrofungal diversity and community composition were evaluated across four study sites classified to two climate types and two management methods. Heat maps and nonmetric multidimensional scaling (NMDS) were used to show differences in macrofungal community composition, and linear relationships were illustrated in order to analyze how environmental factors influenced macrofungal diversity and community composition. In total, 7028 specimens were collected, belonging to 1360 species, 216 genera, and 79 families. Russula, Lactarius, Amanita, Mycena, Suillus, and Inocybe were found to be the dominant genera in the GMS. We found that ectomycorrhizal fungi were dominant in temperate forests and that saprobic fungi were dominant in tropical forests. We also found that macrofungal community composition in native forests differed from that of plantation forests, indicating that plantations can provide different and complementary habitats for macrofungal growth. Our analysis of environmental factors revealed that macrofungal diversity was weakly correlated with tree species richness, and strongly correlated with elevation and latitude.
Introduction
The Greater Mekong Subregion (GMS) is a global biodiversity hotspot containing high levels of biodiversity and a high proportion of endemic and endangered organisms [1, 2] . The varied environmental conditions within the GMS support a diverse range of organisms [3, 4] . These include fungi, which are important for nutrient cycles, as saprophytes, parasites, and symbionts in ecological systems [5] . For many years, the collection and commercialization of wild edible macrofungi has been an important income source for the human population of the GMS [6] . For example, since the 1980s, the prized mushroom, Tricholoma matsutake (S. Ito & S. Imai) Singer, from Yunnan Province, has been exported to Japan. The total value of the mushroom trade in Yunnan Province is approximately one billion dollars annually [7] . However, the continued harvesting and exploitation of wild edible mushrooms has resulted in habitat damage [8, 9] . In order to address and mitigate damage to forest habitats caused by mushroom harvesting, it is imperative to develop feasible management plans, based on sound ecological understanding and knowledge of biodiversity within any given system [10] [11] [12] . Catovsky et al. [13] proposed that the study of biodiversity at the ecosystem level should be a priority for ecological research, especially applicable for the study of the diversity and distribution of macrofungi in sensitive areas.
Previous research has shown that factors relating to geography, climate, and vegetation affect macrofungal diversity and community composition [14] [15] [16] [17] . For example, the diversity of ectomycorrhizal fungi declined when transitioning from temperate to tropical ecosystems [18, 19] . Gabel and Gabel [20] reported a strong correlation between the number of epigeous macrofungal species and plant species diversity. Macrofungi species richness has a positive relationship with tree species richness [21] [22] [23] . Bahram et al. [24] compared the ectomycorrhizal fungal diversity and community structure at regional and local scale and found that elevation is the main driver shaping ectomycorrhizal fungi community composition at both scales. Luo et al. [25] also found elevation gradient had a significant impact on total macrofungal and ectomycorrhizal species richness and diversity. Therefore, understanding the drivers of species composition and richness in forest ecosystems is crucial for ecologists, biogeographers, conservationists, and forest managers. However, despite the high degree of diversity in macrofungi, and extent to which macrofungi are utilised, few studies have investigated the effect of environmental factors on macrofungal diversity and community composition in the GMS.
This study aims to tackle fundamental issues affecting macrofungal diversity and community composition in order to aid the conservation and sustainable use of macrofungi in the GMS. The following questions were addressed:
(1) How does macrofungal diversity differ between native and plantation forests? (2) How does macrofungal community composition differ between forests in temperate and tropical climate zones? (3) How does macrofungal diversity and community composition change with environmental factors (elevation, latitude, tree species richness)?
Materials and Methods

Study Area and Study Plots
Our study included four study sites, three of which were located in Yunnan Province, China and one in Chiang Rai Province, Thailand (Figure 1 ). Detailed site information regarding location, elevation, and climate are provided in Table 1 , including the mean monthly temperature and precipitation during the rainy season (May to October) from 2012 to 2014. All forest types were categorized into two main groups (native forest and plantation forest) on the basis of the forest management methods employed. Native forests are defined as forests growing without human management, while plantation forests are defined as forests that have been artificially established and receive ongoing management; these forests include pine plantations, tea plantation, and mixed rubber and coffee plantations in this study. The four study sites included two temperate and two tropical sites: Zhongdian and Baoshan both have temperate climates and are located in Northern and Western Yunnan Province, respectively. Xishuangbanna and Doi Mae Salong both have tropical climates and are found in Southern Yunnan Province and Chiang Rai Province, respectively. For this study, a total of 20 plots were selected; ten within temperate climate zones and ten in tropical climate zones. Within the temperate areas, five 100 m × 100 m plots (five native forests) were established in Zhongdian, and five 100 m × 100 m plots (two native forests and three pine plantations) in Baoshan. Within the tropical areas, four 100 m × 100 m plots (three native forests and one tea plantation) were established in Xishuangbanna and six 100 m × 100 m plots (four native forests, one mixed rubber and coffee plantation, and one pine plantation) in Doi Mae Salong. Meteorological data (precipitation and temperature) were obtained from two sources: the China Meteorological Data Service Center (http://cdc.nmic.cn/home.do), and the Upper Northern Region Irrigation Hydrology Center (http://hydro-1.net/home.php) for Thailand ( Figure S1 ). The four study sites included two temperate and two tropical sites: Zhongdian and Baoshan both have temperate climates and are located in Northern and Western Yunnan Province, respectively. Xishuangbanna and Doi Mae Salong both have tropical climates and are found in Southern Yunnan Province and Chiang Rai Province, respectively. For this study, a total of 20 plots were selected; ten within temperate climate zones and ten in tropical climate zones. Within the temperate areas, five 100 m × 100 m plots (five native forests) were established in Zhongdian, and five 100 m × 100 m plots (two native forests and three pine plantations) in Baoshan. Within the tropical areas, four 100 m × 100 m plots (three native forests and one tea plantation) were established in Xishuangbanna and six 100 m × 100 m plots (four native forests, one mixed rubber and coffee plantation, and one pine plantation) in Doi Mae Salong. Meteorological data (precipitation and temperature) were obtained from two sources: the China Meteorological Data Service Center (http://cdc.nmic.cn/home.do), and the Upper Northern Region Irrigation Hydrology Center (http://hydro-1.net/home.php) for Thailand ( Figure S1 ). 
Fungal Sampling and Identification
Macrofungal sampling in Zhongdian and Baoshan was carried out once a week during the rainy season (rich in macrofungi) from July to September in 2013 and 2014. Sampling in Xishuangbanna and Doi Mae Salong was carried out during the rainy season (rich in macrofungi) from May to September in 2013 and 2014. All above-ground macrofungal basidiocarps (≥2 cm high) were sampled and details were recorded following Bonet, Fischer, and Colinas [17] . Solitary, scattered, or grouped basidiocarps were all recorded as single observations without counting the number of basidiocarps [26] . Fresh specimens were photographed in the field, including the substrate on which they were found, and brought to the laboratory for macro-morphological study. Collections were dried using an electric fruit dryer at 40 • C for 15-20 h and stored in sealed plastic bags with dehydrated silica gel at room temperature. The samples were deposited in the Herbarium of the Kunming Institute of Botany (HKAS), Chinese Academy of Sciences, China. Macrofungi were identified as morphospecies on the basis of macro-and micro-morphological characteristics, using guide books and monographs [27] [28] [29] [30] [31] [32] . Macrofungi nomenclature followed Index Fungorum [33] . Seventy-five percent of macrofungi were identified to species level with the remainder identified to genus level.
Data Analysis
Ecological diversity under different forest management methods (native forest and plantation forest) and climate types (temperate and tropical) was evaluated using the Shannon-Wiener index (Equation (1)):
where S: number of taxa; P i : ratio of the individuals of i-species account for total individuals. Relative abundance of macrofungi was calculated using the formula (Equation (2)):
Relative abundance = Number of individuals of macrofungi in all plots from same land use type in same site Number of individuals of macrofungi in all plots from all land use types in different sites (2) Shapiro normality test in the Stats package showed that the data were not normally distributed [34] . Therefore, nonparametric tests were used to compare the macrofungi from four forest type from native forests, two climate types, and two management methods. The Mann-Whitney U test was used to assess the difference in diversity and species richness of the same macrofungal group between the two managements methods and two climate types. The Kruskal-Wallis rank sum test was used to evaluate the differences in species richness of the same macrofungal group or three macrofungal groups among four forest types from native forests. The Kruskal-Wallis rank sum test also was used to assess the differences of three fungal groups between the two management methods. Heat maps with hierarchical cluster diagrams were plotted to visualize the distribution of macrofungi composition across climate types and forest management methods, based on the genera dataset of macrofungal relative abundance. All genera relative abundance values exceeding 0.01 were plotted. The Jaccard index was used to calculate the dissimilarity index in different study sites. The relationship between macrofungal community composition and environmental factors was first analyzed using the Spearman correlation test to calculate the correlation value, then the linear relationship between environmental factors and macrofungal diversity was plotted. Nonmetric multidimensional scaling (NMDS) ordination was used to visually evaluate the relationship between macrofungi and environmental factors. The NMDS ordination of macrofungi by environmental factors, using the Bray-Curtis dissimilarity index, had a final stress of 9.9% with two dimensions. Stress is a measure of the goodness-of-fit and reflects the adjustment of points required to constrain them to the specified number of axes. A stress value from 5% to 10% is usually considered satisfactory [35] . All statistical analyses were conducted in RStudio-0.99.902 (https://www.rstudio.com/).
Results
Macrofungal Diversity
We identified 7028 specimens of macrofungi belonging to 1360 species, 216 genera, and 79 families. Each of the four study sites were grouped by climate type and forest management methods. There was no significant difference (p > 0.05) in total fungal diversity index ( Figure 2B ) and total fungal species richness (Table 2) between the temperate and tropical forests. However, the species richness of ectomycorrhizal fungi in temperate areas was significantly higher than that in tropical areas (p ≤ 0.05) ( Table 2 ). Across both the temperate and tropical areas, macrofungal diversity was significantly higher in native forests than in plantation forests (p ≤ 0.05, Figure 2A) . In temperate areas, the species richness of ectomycorrhizal fungi was significantly higher than that of non-ectomycorrhizal fungi (p ≤ 0.05, Table 2 ), and it did not differ significantly from total macrofungal species richness (ectomycorrhizal fungi and non-ectomycorrhizal fungi) (p > 0.05, Table 2 ). The species richness of ectomycorrhizal fungi in temperate areas was significantly higher than in tropical areas (p ≤ 0.05, Table 2 ). When species richness was contrasted between forest types, the cold temperate coniferous forests (CTCF) of Zhongdian had a significantly higher species richness than that found in the montane evergreen broad-leaved forests (TEBF) of Doi Mae Salong. The ectomycorrhizal species richness of the CTCF, in Zhongdian, was significantly higher than within the other forest types assessed in our study. The species richness of non-ectomycorrhizal fungi from monsoon evergreen broad-leaved forest (MEBF) in Xishuangbanna was significantly higher than that in other forest types (Table 2) .
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We identified 7028 specimens of macrofungi belonging to 1360 species, 216 genera, and 79 families. Each of the four study sites were grouped by climate type and forest management methods. There was no significant difference (p > 0.05) in total fungal diversity index ( Figure 2B ) and total fungal species richness (Table 2) between the temperate and tropical forests. However, the species richness of ectomycorrhizal fungi in temperate areas was significantly higher than that in tropical areas (p ≤ 0.05) ( Table 2 ). Across both the temperate and tropical areas, macrofungal diversity was significantly higher in native forests than in plantation forests (p ≤ 0.05, Figure 2A) . In temperate areas, the species richness of ectomycorrhizal fungi was significantly higher than that of nonectomycorrhizal fungi (p ≤ 0.05, Table 2 ), and it did not differ significantly from total macrofungal species richness (ectomycorrhizal fungi and non-ectomycorrhizal fungi) (p > 0.05, Table 2 ). The species richness of ectomycorrhizal fungi in temperate areas was significantly higher than in tropical areas (p ≤ 0.05, Table 2 ). When species richness was contrasted between forest types, the cold temperate coniferous forests (CTCF) of Zhongdian had a significantly higher species richness than that found in the montane evergreen broad-leaved forests (TEBF) of Doi Mae Salong. The ectomycorrhizal species richness of the CTCF, in Zhongdian, was significantly higher than within the other forest types assessed in our study. The species richness of non-ectomycorrhizal fungi from monsoon evergreen broad-leaved forest (MEBF) in Xishuangbanna was significantly higher than that in other forest types (Table 2 ). The difference in ecological diversity of macrofungi between native forests and plantation forests (A) and between temperate and tropical climates (B). Lowercase letters that indicate a significant difference between either forest or climate type (p ≤ 0.05, Mann-Whitney U test), whereas the same letters indicate no significant difference. The study sites in temperate areas were Zhongdian (n = 5) and Baoshan (n = 5), and those in tropical areas were Xishuangbanna (n = 4) and Doi Mae Salong (n = 6). Plantation forests (n = 5) included three pine plantations, one mixed rubber and coffee plantation, and one tea plantation. Native forests (n = 15) are defined as forests growing without human management. Table 2 . Species richness of macrofungi (total macrofungi, ectomycorrhizal fungi, and non-ectomycorrhizal fungi) in two forest management methods and two climate types. Within one row, lowercase letters indicate difference in species richness between three macrofungal groups (total fungi, ectomycorrhizal fungi, and non-ectomycorrhizal fungi) within the same management method, the same climate type, and the same native mixed forest type, using a Kruskal-Wallis rank sum test (p ≤ 0.05). Within one column, uppercase letters indicate the difference in species richness of total fungi between two management methods and two climate types using a Mann-Whitney U test (p ≤ 0.05), and between four native mixed forest types using a Kruskal-Wallis rank sum test (p ≤ 0.05); the difference in species richness of ectomycorrhizal fungi between two management methods and two climate types using a Mann-Whitney U test (p ≤ 0.05), and between four native mixed forest types using a Kruskal-Wallis rank sum test (p ≤ 0.05); the difference in species richness of non-ectomycorrhizal fungi between two management methods and two climate types using a Mann-Whitney U test (p ≤ 0.05), and between four native mixed forest types using a Kruskal-Wallis rank sum test (p ≤ 0.05). Plantation forests (n = 5) included three pine plantations, one mixed rubber and coffee plantation, and one tea plantation. Native forests (n = 15) are defined as forests growing without human management. The study sites in temperate areas were Zhongdian (n = 5) and Baoshan (n = 5), and those in tropical areas were Xishuangbanna (n = 4) and Doi Mae Salong (n = 6). There were four native mixed forest types from native forests; namely, CTCF: cold temperate coniferous forest in Zhongdian (n = 5), WTCF: warm temperate coniferous forest in Baoshan (n = 2), MEBF: monsoon evergreen broad-leaved forest in Xishuangbanna (n = 3), and TEBF: montane evergreen broad-leaved forest in Doi Mae Salong (n = 4). 
Management
Macrofungal Composition
The distribution of the dominant genera of macrofungi across the temperate and tropical climate zones is shown in Figure 3 . Russula was found to be the most abundant genus across the two climate types. Russula, Cortinarius, and Lactarius were the dominant genera in temperate areas, whereas Marasmius, Russula, Amanita, and Mycena were the dominant genera in tropical areas. Russula, Cortinarius, Lactarius, and Marasmius were the dominant genera in native forests, while Russula, Marasmius, Amanita, Inocybe, and Suillus were the dominant genera in plantation forests (Figure 4) . Jaccard dissimilarity index results showed that the macrofungal community composition was different across the four study sites. Of these, the fungal community composition in Baoshan and Zhongdian were the most similar, while that in Zhongdian and Doi Mae Salong were the least similar (Table 3) . Table 3 . The results from the Jaccard index analysis indicating the degree of similarity or dissimilarity in macrofungal genera abundance across the four study sites. A larger value represents a greater degree of dissimilarity between two sites. 
Jaccard
Correlation between Ecological Diversity and Environmental Factors
The relationships between macrofungal diversity and environmental factors are presented in Figure 5A -C. Tree species richness was not significantly correlated with macrofungal diversity (ρ = 0.43, p = 0.06), whereas elevation (ρ = 0.49, p < 0.05) and latitude (ρ = 0.66, p < 0.05) were both significantly correlated with macrofungal diversity. Linear correlation showed that macrofungal diversity increased with elevation and latitude. Of these three variables, latitude had the strongest influence on macrofungal species diversity (ρ = 0.66). The fitted contour lines (standardized factors) indicate which environmental factors had strong effects on the macrofungal community at each site (Figure 5a-c) . 
The relationships between macrofungal diversity and environmental factors are presented in Figure 5A -C. Tree species richness was not significantly correlated with macrofungal diversity ( = 0.43, p = 0.06), whereas elevation ( = 0.49, p < 0.05) and latitude ( = 0.66, p < 0.05) were both significantly correlated with macrofungal diversity. Linear correlation showed that macrofungal diversity increased with elevation and latitude. Of these three variables, latitude had the strongest influence on macrofungal species diversity ( = 0.66). The fitted contour lines (standardized factors) indicate which environmental factors had strong effects on the macrofungal community at each site (Figure 5a-c) . 
Discussion
Our results showed that native forests contained a higher diversity of macrofungi compared with plantation forests. However, they also indicated that these two management systems supported distinct groups of macrofungi. This suggests that these two management methods could jointly provide a complementary range of macrofungal habitats. O'Hanlon et al. [36] noted that Sitka spruce plantations in Ireland and Britain could provide a complementary ecosystem for native macrofungi, acting as a suitable forest type for many macrofungi if native forests were absent. Brockerhoff et al. [37] also showed evidence that although native forests usually provide more suitable habitats than plantation forests, plantation forests can still provide valuable habitats for some threatened and endangered species of macrofungi. Humphrey et al. [38] found rare and endangered species of macrofungi within plantation forests in North Britain (including Cortinarius violaceus (L.) Gray, Hydnellum peckii Peck, and Lactarius musteus Fr.), indicating that such plantations could contribute towards biodiversity conservation. Although we did not record any red listed species in our study, our results clearly indicated that specific genera of macrofungi were associated with specific forest types, for example, except for the common genus Russula, the relative abundance of Amanita, Marasmius, Suillus, and Inocybe in plantation forests was higher than that in native forests; providing further evidence that plantation forests help conserve fungal biodiversity.
We found that ectomycorrhizal fungi were more diverse in our temperate than our tropical study sites. Shi et al. [39] reported that temperate forests in Western China were dominated by ectomycorrhizal fungi and supported the highest fungal diversity. They proposed that this biodiversity was linked to the vegetation type in these forests. Numerous studies have also suggested that low tree diversity could drive an increase in fungal speciation, and thus diversity [22, 40, 41] . Gilbert [42, 43] considered that a high density of host tree species, in a low-diversity forest, could increase the likelihood of host-specialized fungi. In contrast, a low density of host tree species, in high diversity forests, may create an environment favorable to non-specialized fungi. In our study, the temperate forests did have lower tree diversity and higher tree density than the tropical forests (Table 1) . In further confirmation of the results reported in previous studies [39, 44, 45] , we found that saprobic fungi were the dominant fungal group in tropical forests. In a study on litter-decomposing macrofungi in subtropical, temperate, and subalpine forests, Osono [44] found that litter-decomposing macrofungi were more diverse in warmer climates than in cool climates. Differences in the distribution of functional groups of macrofungi across different climatic areas and forest types appear to be tightly linked to the tree species found within a given forest type and geographic location.
Although tree species richness was only weakly associated with macrofungal diversity, it affected macrofungal community composition ( Figure 5 ). We found that Russula, Lactarius, Amanita, Mycena, Suillus, and Inocybe were the dominant genera in the GMS, which is consistent with the results of Tang and Yang [4] , who reported that Agaricales, Russulales, and Boletales were the three dominant groups in the GMS. However, with the exception of Russula, the dominant genera across two climate types and two management methods differed, indicating that climate type and forest management methods affected the macrofungal community composition. The differences observed between the plantation forests and native forests is likely due to the differences in tree community composition between these management methods; plantation forests generally consisted of monoculture planting, whereas native forests were a mixture of tree species (Table 1) .
In addition to the impact of management and climate, our results indicated that elevation and latitude had strong effects on macrofungal diversity and community composition ( Figure 5 ). We found that the macrofungal communities in Baoshan and Zhongdian were most similar and the macrofungal community composition between Zhongdian and Doi Mae Salong least similar (Table 3 ). This indicates that macrofungal community composition is related to geographical distance; communities near to each other being more closely associated to each other than to communities further apart. However, in the GMS, it is difficult to disentangle the effects of latitude and elevation, because as you move along a south to north latitudinal gradient, you also go up in elevation. Previous studies have reported effects of both elevation and latitude on fungal diversity and community composition. Shi et al. (2013) found that latitude was strongly correlated with fungal diversity, and Geml et al. [46] confirmed this, showing a link between fungal community composition and elevation.
Conclusions
There were two main findings of our study; firstly, within a given climatic zone, plantations and native forests supported different groups of macrofungi, and thus each forest type provided unique habitats for a range of fungal species. Secondly, tree species richness strongly affected macrofungal community composition, highlighting the important effect of forest management on macrofungal conservation. Clear patterns of fungal species distribution were noted in our study, and we had some confidence in attributing a range of environmental factors as responsible for these patterns. However, we were unable to state clearly which factors were most influential. In the future, we aim to pursue more detailed studies examining the role of specific environmental factors on fungal species distribution patterns. 
